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Finite element analysisAbstract In the present paper, a parametric electromagnetic model is developed for the switched
reluctance generator (SRG) with the ﬁnite element method (FEM) using the ANSYS ﬁnite element
(FE) package which can be considered appropriately for accurate analysis and optimal design of the
SRG. The performance principles of the SRG are brieﬂy explained and some important electromag-
netic characteristics of the SRG including phase current and instantaneous input power are pre-
dicted using the developed electromagnetic model. Carrying out the transient analysis, there is
this possibility to predict the ﬂux waveforms within the machine and therefore a core loss model
is then introduced for the SRG. Applying the developed electromagnetic model to an 8/6 SRG, sim-
ulation results are presented and some critical issues are identiﬁed which can be attended in design
of the control system of the SRGs.
 2014 Production and hosting by Elsevier B.V. on behalf of Ain Shams University.1. Introduction
Switched reluctance (SR) machine is special machinery which
has some exclusive features such as simple structure, lake of
any permanent magnet and winding on the rotor, high efﬁ-
ciency, high reliability and operation over a wide speed range
[1]. Switched reluctance generator (SRG), which is usually con-
sidered as the dual of the switched reluctance motor [2], has all
of the above-mentioned aspects and consequently it can be
applied properly to different applications. For instance, it isused as starter/generator for electric vehicles in [3,4], aerospace
power systems [5], and microgrid systems [6]. Due to its good
performance over a wide range of the rotor speed, the SRG
can be properly considered as electrical generator in wind
power applications [7,8].
Various models have been so far proposed for the SR
motor that can be utilized basically for analysis of the SRG
due to their similar structure. In most models introduced for
the SR motor, obtaining the static characteristic of ﬂux-linkage
with a phase is considered [9–11]. In order to predict precisely
the dynamic characteristics of the SR motor, modeling can be
done directly with FEM [12]. Although there are many models
for the SR motor in the literatures, less attention has been paid
on solely modeling of the SRG. A numerical model has been
introduced in [13] using the SPICE program by which the
dynamic characteristics of the SRG have been predicted. The
equivalent circuit of the SRG is obtained in [14] on the base
Figure 1 Idealized inductance and phase current waveforms.
Figure 2 Circuit diagram.
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and the phase voltage equation, a mathematical model of the
single-phase SRG is then developed. In order to design the
control system in [15–17], analysis of the SRG is done based
on the phase voltage equation using the static characteristic
of ﬂux linkage with a phase. A computational model is devel-
oped in [18] using MATLAB/SIMULINK in which all the sys-
tem components including voltage source, drive model,
machine model and load are integrated.
In most of the models introduced for the SRG, the phase
inductance needs to be known and it is obtained through the
FEM or measurement. In addition, some assumptions usually
should be considered to develop an analytical model and this
decreases accuracy of the modeling. Nowadays, the FEM can
be considered appropriately as a computationally powerful
method for doing an accurate analysis of electric machine due
to existence of the advanced large memory high speed micro-
processors. For these reasons, an electromagnetic model is pro-
posed in the present paper for the SRG using ANSYS FE
package that can be applied to different types of conventional
SRGs [19]. The model is created as a parametric model in
ANSYS parametric design language (APDL) and all design
aspects of the machine are considered in the modeling. Using
the developed electromagnetic model, transient analysis of the
SRG is carried out and some important electromagnetic char-
acteristics are predicted. Impact of the control parameters on
the SRG performance is examined using calculation of efﬁ-
ciency for various operating conditions. Core loss in SRG, as
a major component of losses, is estimated in the developed elec-
tromagnetic model. This is a challenging problem due to the
difﬁculty in determining precise non-sinusoidal ﬂux waveforms
in different parts of the magnetic equivalent circuit of the SRG.
At the following, the principles of SRG operation are sum-
marized brieﬂy in Section 2. The developed electromagnetic
model and the procedure for estimating core loss for SRG
are described in Section 3. Applying the introduced electro-
magnetic model to a typical 8/6 SRG, the simulation results
are presented in Section 4and the paper is concluded in
Section 5.
2. The performance principle
Considering the idealized inductance proﬁle and the phase
current waveform shown in Fig. 1, the principles of the SRG
performance can be easily explained. If the phase current con-
tinues after the aligned position where the phase inductance is
being reduced, the mechanical power can be converted into
electrical power because the produced torque is negative
according to below equation:
T ¼ 1
2
i2
dL
dh
ð1Þ
where i is the phase current, L is the phase inductance and h is
the rotor position. In fact, this torque should be supplied by
the prime mover which is connected to the shaft.
Depending on the control parameters included turn-on
angle, turn-off angle, rotor speed and dc-bus voltage, phase
current might be even increased after turn-off angle as it is
clear from Fig. 1. Considering the circuit diagram for one
phase of the SRG depicted in Fig. 2, this increase can be
justiﬁed based on the phase voltage equation, as follow [20]:Vdc ¼ Riþ dk
dt
¼ Riþ L di
dt
þ i dL
dt
¼ Riþ L di
dt
þ i dL
dh
dh
dt
¼ Riþ L di
dt
þ ix dL
dh
¼ Riþ L di
dt
þ e ð2Þ
where Vdc is the dc bus voltage, R is the phase resistance, x is
the rotor speed and e is the back-EMF. Due to reduction of
inductance, the produced back-EMF is negative and there is
the possibility that the current is boasted after turning off
the phase.
Between turn-on angle and turn-off angle, the excitation
power is supplied from dc power source and it is stored into
the magnetic ﬁeld. After turn-off angle, the generated power
returns to the dc power supply through freewheeling diodes
until the current falls to zero. When the generated power is lar-
ger than the excitation power, the system has generated the net
power. The dc generated power can be used directly for charg-
ing the battery in some applications such as electric vehicle.
However, if the ac power is needed, an inverter must be used
to convert the dc generated power into ac power.
The SRG performance is usually evaluated based on the
below equation [21]:
%gen power ¼ VgenIgen
VgenIgen þ VexcIexc  100 ð3Þ
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ing excitation period (between hon and hoff in Fig. 1) and Vgen,
Igen are voltage and average of phase current during power
generation (between hoff and hext in Fig. 1), respectively. At
the following, Vgen · Igen and Vexc · Iexc are called the gener-
ated power and excitation power, respectively. It is also noted
that the excitation voltage and the produced voltage are the
same for the considered SRG and they are equal to the dc
bus voltage.
In addition, the efﬁciency of the SRG can be determined in
a way similar to other types of electric machines using below
equation:
g ¼ Pout
Pin
 100 ð4Þ
where Pout is the electric power produced by all phases and Pin
is the mechanical input power provided by the prime mover
which connected to shaft.
3. The electromagnetic model
The electromagnetic simulation model created totally in
APDL is introduced here for the SRG in which inputs are
the machine design data, B–H characteristic of laminations
and the control parameters including turn-on angle, turn-off
angle, rotor speed and dc-bus voltage. When using this model
for a typical SRG design, one only needs to identify these
quantities and parameters. Some important electromagnetic
characteristics of the SRG are known at the model output such
as the ﬂux waveforms in different parts of the machine and
corresponding core loss, instantaneous phase current, instanta-
neous input power and efﬁciency.
Transient analysis of the SRG with 2D FEM is considered
in the developed simulation model. When analyzing an electric
machine using ANSYS, the geometrical structure of the
machine must be drawn ﬁrst. Plotting the geometrical structure
each time before analysis is a hard and time-consuming task,
especially if various designs are supposed to be investigated.
Therefore, the geometrical structure of the SRG has been
created parametrically in the developed simulation model
and the numbers of stator and rotor poles, the stack length
and some other critical geometrical parameters shown in
Fig. 3, are chosen as the geometrical parameters.
For predicting the dynamic characteristics of the SRG such
as the phase current waveform, it is necessary to establish a
suitable coupling between external electric circuit and FE
domain using the general circuit element CIRCU124, as shownFigure 3 Geometrical parameters forin Fig. 4. In addition, time-stepping analysis should be carried
out for the conduction period in which the time step is
determined by the following equation:
Dh ¼ 2pN
60
Dt ð5Þ
where Dh is the rotation angle in radian, Dt is the time step in
second and N is the rotor speed in RPM. In each time step, the
coupling equations between the stator and rotor at the middle
of the air gap are cleared; the rotor is rotated by Dh and re-
joined to the stator by a set of new coupling equations. The
transient analysis is restarted in each time step and the values
of different quantities such as phase current and stator pole
ﬂux are saved in each time step.
3.1. Core loss calculation
In order to estimate core loss in SRG, it is necessary to predict
the ﬂux waveforms in different parts of the machine including
stator pole, stator yoke, rotor pole and rotor core. For the sin-
gle-phase excitation, these ﬂux waveforms can be determined
from the stator pole ﬂux waveform that is derived from the
transient analysis described the above. To do this, the mathe-
matical ﬂux model introduced in [22] is considered here and its
algorithm is implemented in APDL. When the ﬂux waveforms
in different parts of the SRG are determined, the instanta-
neous ﬂux density waveform in each part is then derived from
dividing the amplitude of the determined ﬂux waveform by the
respective area. Since the instantaneous ﬂux density waveforms
are non-sinusoidal, the following Steinmetz equation should be
considered for core loss calculation [1]:
Pc ¼ ChfBaþbBmaxmax þ
1
2p2
Ce
dB
dt
 2
avg: ð6Þ
where f is the frequency, Bmax is the maximum ﬂux density, Ch,
a, b and Ce are the Steinmetz parameters. These parameters are
obtained when the sheet loss data provided by the manufac-
turer of the sheets for sinusoidal ﬂux waveforms are modeled
by the conventional Steinmetz Eq. (7). The sheet loss data
for a range of frequency near main frequency of ﬂux density
waveform should be considered for this modeling.
Pc ¼ ChfBaþbBmaxmax þ Cef2B2 ð7Þ
To include hysteresis losses due to the minor loops, (6) changes
to below equation which is called the improved Steinmetz
equation [23]:an 8/6 SRG (a): stator, (b): rotor.
Table 1 Machine speciﬁcations [23].
No. of phases 4
No. of stator/rotor poles 8/6
Stator outer diameter (mm) 125
Stator slot-bottom diameter (mm) 100
Rotor outer diameter (mm) 63
Rotor slot-bottom diameter (mm) 41
Air gap length (mm) 0.35
Shaft diameter (mm) 21
Stack length (mm) 90
Stator pole arc (deg.) 21
Rotor pole arc (deg.) 21
Turns per coil 124
Resistance @ 20 C (X) 0.69
Rated speed (rpm) 1500
Figure 5 Predicted phase current.
Figure 4 Electromagnetic model: (a) FE domain, (b) external circuit.
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1
2p2
Ce
dB
dt
 2
avg: ð8Þ
where correction coefﬁcient is calculated as follows:
Kcf ¼ 1þ k
Bmax
Xn
i¼1
DBi ð9Þ
where n is the half number of minor loops in the one period of
the instantaneous ﬂux density waveform, DBi is the amplitude
of the minor loop. Although it is possible to estimate minor
loop hysteresis losses using (9), appropriate selection of k coef-
ﬁcient is important. Based on experimental data on samples of
silicon iron, Lavers demonstrated in [24] that a value between
0.6 and 0.7 would be suitable for this coefﬁcient when Bmax is
in the range of 1–2 T and ratio of DB/Bmax is low. Further,
experimental measurements reported by Hyashi suggested that
a value of 0.8 was more appropriate for the ﬂux density wave-
forms observed in switched reluctance machine [25]. Doing
many measurements on a speciﬁc grade of silicon iron, [26]
presented some graphs showing variation of this coefﬁcient
for various combinations of DB and Bmax. However, since
introducing a general procedure for core loss estimation is
objective here, a value of 0.8 is assumed for the k coefﬁcient
similar to that done in [25]. In order to have a single platform,
the algorithm required for core loss calculation using (8) is also
implemented in APDL.
4. Simulation results
The developed electromagnetic model is applied to an 8/6
SRG, 1 kW, 93 V, 8 A with the speciﬁcations given in Table 1
and the simulation results including important dynamic char-
acteristics and core loss are presented here. Carrying out tran-
sient analysis of the discussed 8/6 SRG for the operating point:
speed = 1500 RPM, turn-on angle = 27, turn-off
angle = 42, dc-bus voltage = 93 V and single-pulse control
mode, the phase current and mechanical input power wave-
forms are predicted and shown in Figs. 5 and 6. The phase
inductance characteristic predicted with 2D FEM is shown
in Fig. 7 in which zero position implies to the aligned position.
For this operating point, the gen-power ratio and efﬁciency
calculated using (3) and (4) are 63% and 84% respectively.The computation time is around 5 min on a 2.27 GHz Intel
Core 2 with 4 GB RAM.
Using the developed electromagnetic model, the ﬂux den-
sity waveforms within the machine are predicted for the con-
sidered operating point. For instance, the ﬂux density
waveforms in stator pole, a part of stator core and rotor core
Figure 8 Predicted stator pole ﬂux density waveform.
Figure 9 Predicted stator yoke ﬂux density waveform.
Figure 10 Predicted rotor core ﬂux density waveform.
Figure 11 Modeling of lamination loss data by the conventional
Steinmetz equation.
Figure 7 Calculated phase inductance characteristic.
Figure 6 Simulated mechanical input power.
Modeling and analysis of switched reluctance generator 89are illustrated in Figs. 8–10. To estimate core loss for the
predicted ﬂux density waveforms based on (8), the Steinmetz
parameters must be determined ﬁrst. The accuracy of the
modeling of the loss data with (7) is shown in Fig. 11 and
the Steinmetz parameters calculated for core sheets of the
discussed 8/6 SRG (M800-50A with 0.5 mm thickness) over
frequency range 50–200 Hz are as follows: Ch = 0.0437,a= 1.34, b= 0.54 and Ce = 0.0002. Since precise determina-
tion of the Steinmetz parameters plays an important role in the
core loss calculation, the method of least square sum of the
errors in the optimization toolbox of MATLAB is used to
Figure 12 Different phase current waveforms.
Figure 13 The loci of the currents.
90 B. Ganji et al.model the iron loss data. Based on the procedure described in
Section 3.1, the corresponding core loss is calculated and the
results are summarized in Table 2. As the results show, the
core loss in the stator yoke is the largest due to its higher fre-
quency and mass.
Changing the control parameters, different waveforms are
illustrated for the instantaneous phase current. The phase cur-
rent waveform predicted for the considered operating point at
which dc-bus voltage is 93 V, has been compared in Fig. 12
with those obtained when dc-bus voltage is changed to 60 V
and 82 V. In order to have the same amplitude for the three
current waveforms, turn-off angles for Vdc = 60 V and
Vdc = 82 V are chosen 44.5 and 43 respectively. With regard
to (2), the obtained phase current waveforms can be justiﬁed.
In the case that the back-EMF is almost equal to dc-bus volt-
age, the current keeps constant after turn-off angle like that
obtained for Vdc = 82 V. When the back-EMF is larger or
smaller than dc-bus voltage, the current increases or decreases
after turn-off angle such as those obtained for dc-bus voltage
60 V and 93 V. Fig. 13 shows the loci of the currents on the
i–k plane and the converted energy is proportional to the area
enclosed by the loci. The calculated gen-power ratio is the larg-
est for 60 V, which is 66%, and it is the smallest for 93 V which
is 63%. The generated power for Vdc = 82 V is 568 W while
those for 60 V and 93 V are 361 W and 544 W, respectively.
Therefore, the case of Vdc = 82 V uses most of the possible
energy conversion while the others utilize a part of that. The
calculated efﬁciency for Vdc = 82 V is the largest (84.3%)
while it is 79.9% and 84% for 60 V and 93 V, respectively.
4.1. Effect of the control parameters on machine performance
Using the developed electromagnetic model, transient analysis
of the discussed 8/6 SRG is carried out for the considered
operating point when the control parameters are changed.
The gen-power ratio and efﬁciency are calculated for each case
and the results are summarized in this subsection.
4.1.1. The dc-bus voltage
In order to observe inﬂuence of dc-bus voltage on the SRG
performance, this parameter varies when other control param-
eters including turn-on angle, turn-off angle and rotor speed
are kept constant. When increasing the dc-bus voltage until
it reaches to the rated voltage (93 V), both gen-power ratio
and efﬁciency are almost constant as it is obvious from Figs. 14
and 15. More efﬁcient operation is for rotor speed 1500 rpm
because it is near to the base speed at which dc-bus voltage
is equal to the back-EMF [20]. In the case that the dc-bus volt-
age increases more than the rated voltage for the considered
8/6 SRG, the generated power decreases due to faster reduction
of phase current and this causes that both gen-power ratio and
efﬁciency are reduced ultimately.Table 2 Different components of calculated core loss.
Hysteresis (W) Eddy current (W)
Core loss in stator pole 5.81 3.35
Core loss in stator yoke 6.3 6.38
Core loss in rotor pole 2.63 1.78
Core loss in rotor core 1.58 2.07
Total core loss 29.89
Figure 14 Generation power ratio versus dc-bus voltage for
different speeds when Ton = 27 and Toff = 42.4.1.2. The turn-on angle
When dc-bus voltage, turn-off angle and rotor speed are kept
constant and only turn-on angle changes, variations in the gen-
power ratio and efﬁciency are depicted in Figs. 16 and 17. With
increase of turn-on angle, conduction period of the switches is
Figure 18 Generation power ratio versus turn-off angle for
different speed when Vdc = 93 and Ton = 27.
Figure 19 Efﬁciency versus turn-off angle for different speeds
when Vdc = 93 and Ton = 27.
Figure 16 Generation power ratio versus turn-on angle for
different speeds when Vdc = 93 and Toff = 42.
Figure 15 Efﬁciency versus dc-bus voltage for different speeds
when Ton = 27 and Toff = 42.
Figure 17 Efﬁciency versus turn-on angle for different speeds
when Vdc = 93 and Toff = 42.
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decreased. This results in reducing the generated power and
therefore decreasing both the gen-power ratio and efﬁciency.
The graphs tend to converge because turn-off angle is sup-
posed to be constant. Similarly, improve of the gen-power
ratio and efﬁciency could be justiﬁed when decreasing turn-
on angle. When turn-on angle is decreased, there is a point
after which the excitation power becomes signiﬁcant while
the generated power keeps almost constant. The reason for a
large excitation power is that current increases quickly after
turn-on angle due to reduction of phase inductance around
this point. Therefore, there are the speciﬁc turn-on angles,
depending on rotor speed, at which the gen-power ratio and
efﬁciency would be maximum as it is clear from the above-
mentioned ﬁgures. Based on the phase voltage equation, it
can be concluded that current increase happens with a higher
rate for a lower rotor speed and consequently its correspond-
ing optimal turn-on angle is larger.
4.1.3. The turn-off angle
Considering constant values for control parameters included
dc-bus voltage, turn-on angle and rotor speed, when the SRG
is turned off later, the conduction period is longer andconsequently the generated power increases. This results in
boasting both the gen-power ratio and efﬁciency as it is obvious
from Figs. 18 and 19. When increasing turn-off angle, there is a
point after which the generated power is decreased. This is
92 B. Ganji et al.because the phase inductance decreases around this point and
consequently current is reduced faster after turn-off angle.
With regard to the phase voltage equation, reduction rate of
current is larger for a lower rotor speed and therefore its opti-
mal turn-off angle would be smaller. Due to a constant turn-on
angle, the graphs are converged when turn-off angle is reduced.
5. Conclusion
Using ANSYS ﬁnite element package, a simulation electro-
magnetic model was introduced for the switched reluctance
generators by which the important electromagnetic character-
istics could be predicted accurately with 2D ﬁnite element
method. In addition, a procedure for core loss modeling was
proposed in the developed simulation model at which ﬂux den-
sity waveforms and corresponding core loss were determined
in different parts of the machine including stator core, stator
pole, rotor pole and rotor core. The simulation model was cre-
ated totally in ANSYS parametric design language and one
must only identify the geometrical and control parameters to
use it for different conventional types of SRGs. Applying the
developed electromagnetic model to a typical 8/6 SRG, simu-
lation results including phase current, instantaneous input
power, ﬂux density waveforms, core loss and efﬁciency were
given for one operating point.
It was seen that the ﬂux density waveforms were completely
non-sinusoidal and the core loss calculated in stator yoke
would be larger than those obtained for the other parts.
Changing the control parameters for the considered operating
point, impact of them on the SRG performance was evaluated
with calculation of two important parameters i.e. gen-power
ratio and efﬁciency. These two parameters were almost con-
stant when increasing dc-bus voltage but they varied signiﬁ-
cantly for various turn-on and turn-off angles. Furthermore,
it was observed that there were optimal turn-on and turn-off
angles depending on rotor speed. In addition, three different
shapes were illustrated for the phase current waveform when
dc-bus voltage was decreased. When dc-bus voltage was
almost equal to back-EMF, current keeps a constant value
after turn-off angle and the most efﬁcient performance was
for this operation condition. Since the SRG is analyzed with
ﬁnite element method in the developed simulation model, the
simulation results are obtained accurately and they can be uti-
lized appropriately when designing the control system. As a
future work, since ANSYS is capable to simulate other physi-
cal environments such as noise and thermal, the introduced
simulation model can be developed to consider these impor-
tant characteristics and then used appropriately in optimal
design of the SRG.
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